[1] The geologic origin of the Medusae Fossae Formation (MFF) has remained a mystery despite three decades of research. To better constrain its formation, an in-depth analysis of observations made in the literature was combined with a new survey of over 700 Mars Orbiter Camera narrow-angle images of the MFF to identify morphologic characteristics and material properties that define this formation as a whole. While previous work has identified clear agreement on some characteristics, our analysis identifies yardangs, collapse features, and layering as pervasive features of the MFF. Whereas collapse features and layering may implicate several different physical and chemical processes, yardangs provide vital information on material properties that inform about mechanical properties of the MFF lithology. Aspect ratios of megayardangs range from 3:1 to 50:1, and slope analyses reveal heights of up to 200 m with cliffs that are almost vertical. Other yardangs show lower aspect ratios and topographic profiles. These characteristics coupled to the presence of serrated margins, suggest that MFF lithology must be of weakly to heavily indurated material that lends itself to jointing. The characteristics and properties of the MFF are inconsistent with those of terrestrial pyroclastic fall deposits or loess, but are in common with large terrestrial ignimbrites, a hypothesis that explains all key observations with a single mechanism. Yardang fields developed in regionally extensive ignimbrite sheets in the central Andes display morphologic characteristics that correlate with degree of induration of the host lithology and suggest an origin by pyroclastic flow for the MFF.
Introduction
[2] The Medusae Fossae Formation (MFF) is an enigmatic deposit located along the equator of Mars that stretches between 170 and 240°E (120-190°W) in the Amazonis Planitia region and lies between the Tharsis and Elysium volcanic centers (Figure 1 ). The MFF has been a focus of nearly three decades of research because its age, distribution, and material properties have important implications for Martian history. It is considered to be one of the youngest deposits on Mars, largely Amazonian in age, but deposition may have begun as early as the Hesperian Period [Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka, 2000; Kreslavsky, 2001, 2004] . However, despite general agreement about the relatively young age and fine-grained nature of the MFF materials, its origin is still debated and a variety of disparate hypotheses have been proposed, including deposition by pyroclastic flows Tanaka, 1982, 1986; Tanaka, 2000] or falls [Tanaka, 2000; Bradley et al., 2002; Hynek et al., 2003] , aeolian deposits [Greeley and Guest, 1987; Scott and Tanaka, 1986; Head and Kreslavsky, 2004] , polar deposits [Schultz and Lutz, 1988] , exhumed faulted rocks [Forsythe and Zimbelman, 1988] , carbonate platform [Parker, 1991] , rafted pumice [Mouginis-Mark, 1993] , lacustrine deposits [Malin and Edgett, 2000] , and as deposits from meteorite impact into a subsurface aquifer [Nussbaumer, 2005] .
Evaluation
[3] To bring some clarity to this issue, we have compiled and analyzed all the published information on the MFF in search of an approach that may help advance the debate. We note that some hypotheses have not been published in the peer reviewed literature. Several hypotheses have been eliminated on the basis of subsequent work (Table 1) . For instance, the demonstrably Amazonian age, if correct, of the MFF [Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka, 2000; Kreslavsky, 2001, 2004] is inconsistent with the paleopolar deposit, exhumed faulted rocks, and lacustrine deposit hypotheses because each of these requires the MFF to have a Noachian or Early Hesperian formation age. Improved resolution provided by Mars Global Surveyor (MGS) and topographic data from the Mars Orbiter Laser Altimeter (MOLA) have ruled out the carbonate platform hypothesis. The type of layering expected in a carbonate platform is not seen in the MFF [Bradley et al., 2002] . The rafted pumice deposit hypothesis was contradicted by the same data because no wave-cut cliffs were seen on Olympus Mons [Malin, 1999] . We find that, of the original nine hypotheses, only three are still Figure 1 . Map of the Medusae Fossae Formation overlain on MOLA shaded relief 128 pixel/°digital elevation model (DEM) (shown in context with MOLA shaded relief centered around 180°E and 0°N). MFF subdivisions of upper, middle, and lower are based on mapping by Scott and Tanaka [1986] and Greeley and Guest [1987] . Scott and Tanaka [1982] Aeolian deposit location along dichotomy boundary Greeley and Guest [1987] Paleopolar deposits similarities to current polar deposits Schultz and Lutz [1988] MFF is same age as current polar deposits, and polar wander is limited on the basis of fault patterns [Tanaka and Leonard, 1998] Morphological differences in slopes and valleys of MFF compared to current polar deposits [Bradley et al., 2002] Exhumed fault rocks as support for proof of dynamic tectonic activity Forsythe and Zimbelman [1988] MFF must be Noachian for this hypothesis [Scott and Tanaka, 1986; Greeley and Guest, 1987] Carbonate platform similar morphology to terrestrial carbonate platforms Parker [1991] topography too complex and layering not appropriate [Sakimoto et al., 1999; Bradley et al., 2002] and Thermal Emission Spectrometer (TES) data [Chapman, 2002] 
Rafted pumice deposits signs on Olympus Mons of suboceanic volcanism
Mouginis-Mark [1993] layering not like a shoreline deposit and no wave-cut cliffs in Olympus Mons [Malin, 1999; Bradley et al., 2002] Lacustrine deposits outcrops resembling sedimentary rock Malin and Edgett [2000] age must be Noachian for this hypothesis [Scott and Tanaka, 1986; Greeley and Guest, 1987 2, 3, 4, 8, 12, 18, 23, 25, 26, 27, 28, 30 2, 3, 4, 8, 12, 18, 23, 25, 26, 27, 28, 30 20 18, 27 18, 24, 25 3, 4, 23, 26, 27, 30 Bidirectional yardangs considered to be viable at present: the deposits of pyroclastic flow or fall, and aeolian deposition.
[4] On Earth, deposits associated with these three processes are distinguished by characteristic material and deposit properties resulting from distinct depositional mechanisms and environments. For instance, although all might produce widespread sheet-like deposits that are generally fine-grained, pyroclastic flows of regional scale will inundate and bury topography and show variable jointing, induration, and welding [e.g., Ross and Smith, 1961; Baker, 1981; Criswell and Elston, 1981; Selby et al., 1988; de Silva, 1989] . Moreover, while pyroclastic fall deposits and aeolian deposits may show small-scale induration and welding, they will not be pervasively indurated, welded, or jointed on a regional scale and will drape topography. Thus, through analogy with terrestrial deposits it should be possible in principle to distinguish between Martian pyroclastic flow deposits and those of fall origin such as ashfall or loess. The key then is to identify the deposit-wide characteristics of the MFF and what they reveal about its material properties.
[5] The apparent regional-scale consistency of the MFF material, fine-grain size, geologically young age, erosional features, and considerable vertical roughness (unevenness of the surface features derived from MOLA optical pulse width data), suggests that a dominant process likely produced most if not all of the deposit Tanaka, 1982, 1986; Greeley and Guest, 1987] . Thus identifying the process that best explains the general characteristics of the MFF is one way of making some progress. Our approach has therefore been to take a synoptic perspective that focuses on characteristics that occur throughout the deposit because they represent the MFF as a whole. With this in mind, this contribution is based on the following three-pronged approach:
[6] 1. We have reviewed the available literature on the MFF and attempted to organize and classify all the disparate observations made about the MFF, and interpretations made thereof, into groups that inform about process (erosional or depositional), transport mechanism (aeolian, fluvial, glacial etc), and material properties (fine grained, indurated, jointed, friable). The entire analysis is summarized in Table 2 , with further details in Table 3 .
[7] 2. We have independently analyzed 713 Mars Orbiter Camera (MOC) images across the MFF to assess previous observations and to conduct our own synoptic survey of the deposit-wide characteristics (see auxiliary material).
1 This image analysis, combined with the literature review, allowed us to identify purely local versus deposit-wide characteristics.
[8] 3. We have evaluated the deposit-wide characteristics through a comparison with terrestrial analogs.
[9] Our main conclusions are that while yardangs, layering, and collapse features are found deposit wide, yardangs hold the most promise to inform about the origin of the MFF. These erosional features point to a process that produced friable regional-scale deposits that are layered, differentially indurated, and often jointed. The morphology of the yardang fields throughout the MFF is strongly analogous to those seen in terrestrial yardangs fields developed in extensive ignimbrites and may implicate a pyroclastic flow origin for much of the MFF.
[10] The MFF is located between two major volcanic centers. The eastern portion of the MFF is found on the upslope of the Tharsis rise while the western portion is located about 1000 km south of the Elysium volcanic center [Scott and Tanaka, 1986; Greeley and Guest, 1987] . The eastern portion of the MFF is partially overlain by a part of the ''stealth region,'' an area of little to no radar signal thought to be lightweight material of volcanic origin [Edgett et al., 1997] . In all places where they are in contact, the southern portion of the MFF overlies the hemispheric dichotomy boundary [Scott and Tanaka, 1986; Greeley and Guest, 1987; Bradley et al., 2000; Kreslavsky, 2001, 2004; Hynek et al., 2003] . The MFF has been divided into three members (upper, middle, and lower) on the basis of morphology, stratigraphy, albedo and apparent age [Scott and Tanaka, 1986; Greeley and Guest, 1987] . Though reevaluation of this mapping was advised when early Mars Orbiter Laser Altimeter data was analyzed [Sakimoto et al., 1999] , a deposit-wide reevaluation has not yet been published. Though the MFF stretches for over 5000 km and covers an elevation range from À2000 to +2000 m, it is not continuous over that distance, but broken up into segments of 1000 -2000 km, separated by up to 1000 km in the western portion of the deposit. Albedo varies from low to high within the deposit [Scott and Tanaka, 1982] and boulders are not seen at erosional contacts [Malin and Edgett, 2000; Hynek et al., 2003] .
Analysis of the Literature
[11] During an exhaustive review of the literature we have found that over one hundred separate observations have been used to support the conclusions of 33 published studies of the MFF (Table 2) . We have classified these observations into extrinsic, those that inform about process (transport, emplacement, erosion) and intrinsic, those that inform about the lithology, morphology, and material properties of the deposit. Examples of the former are bedding [Malin and Edgett, 2000] that implies an intermittent accumulation, as well as draping [Bradley and Sakimoto, 2001] and an apparent thickening toward Tharsis [Hynek et al., 2002 [Hynek et al., , 2003 ] that have been used to suggest a pyroclastic fall origin. Intrinsic attributes include raised curvilinear features [Burr et al., 2006] , stair steps [Malin and Edgett, 2000] , knobs [Scott and Tanaka, 1982; Schultz and Lutz, 1988; Bradley and Sakimoto, 2001; Nussbaumer et al., 2003; Nussbaumer, 2005] , and yardangs [Scott and Tanaka, 1982; Bradley et al., 2002] ; these all speak to the nature of the MFF material.
[12] Our complete analysis of the literature on the MFF is given in Table 2 . It is clear from this literature review that a strong consensus is shown for the following attributes of the MFF:
[13] 1. Large aerial extent (2.1 -2.5 Â 10 6 km 2 ) and volume (1 -1.9 Â 10 6 km 3 ) [Scott and Tanaka, 1982; Tanaka, 2000; Bradley et al., 2002; Kreslavsky, 2001, 2004; Hynek et al., 2003] .
[14] 2. Amazonian age is based on the following evidence. The upper member of the MFF overlies the youngest aureole deposits [Head and Kreslavsky, 2001] , though interweaving with some younger lava flows has been observed where the MFF borders the Cerberus Plains [Lanagan and McEwen, 2003] . Otherwise, the MFF appears to overlie all other geologic formations in its region. These stratigraphic relations have determined that most of the MFF was emplaced in the Amazonian Period Tanaka, 1982, 1986; Greeley and Guest, 1987; Bradley and Sakimoto, 2001; Kreslavsky, 2001, 2004; Hynek et al., 2003] . Kreslavsky [2001, 2004] suggest that the complex stratigraphy described above indicates that deposition may have begun as early as the Hesperian.
[15] 3. Multiple episodes of deposition as evidenced by changing yardang orientations [Scott and Tanaka, 1982; Bradley and Sakimoto, 2001; Hynek et al., 2002 Hynek et al., , 2003 ], complex stratigraphy Kreslavsky, 2001, 2004] , and craters between layers [Tanaka and Leonard, 1998, Sakimoto et al., 1999; Hynek et al., 2002 Hynek et al., , 2003 .
[16] 4. Fine-grain size based on the lack of boulders along erosional contacts [Malin and Edgett, 2000; Hynek et al., 2003] , different crater depth-diameter ratios than areas known to be caprock [Barlow, 1993] , erosional morphology (yardangs, chutes or dark scree slopes and pedestal craters) [Hynek et al., 2003; Malin and Edgett, 2000; Schultz and Lutz, 1988] , low thermal inertia and radar signals [Hynek et al., 2003] .
[17] 5. Heavily eroded by aeolian processes [Bradley et al., 2002; Kreslavsky, 2001, 2004; Hynek et al., 2003; Malin et al., 1998; Zimbelman et al., 1997a; Greeley and Guest, 1987; Scott and Tanaka, 1986; Frey et al., 1998; Takagi and Zimbelman, 2001; Schultz and Lutz, 1988] with an estimated original aerial extent of 5 Â 10 6 km 2 [Bradley et al., 2002] .
[18] Beyond this, our analysis has also allowed us to eliminate specific local features such as draping [see also Watters et al., 2007] , and has resulted in the identification of a set of deposit-wide features that have been ubiquitous in studies of the MFF: yardangs, collapse features, and layering ( Figure 2 ). The yardangs hold the most promise for providing insight into material properties. The collapse features and layering are seen deposit wide, but are equivocal and will require more investigation with higher-resolution data to be useful.
Yardangs
[19] Yardangs are aerodynamically shaped landforms that represent the remnants of deposits eroded by the wind and are the most commonly observed features in the MFF [Ward, 1979] . They occur across the extent of the deposit and within various members at different elevations. Though most publications refer to the yardangs, few provide detail on their texture or appearance. Focus has primarily been on their wide variety of orientations [Scott and Tanaka, 1982 Bradley et al., 2002; Hynek et al., 2003; Zimbelman, 2003] and their proof of extensive aeolian erosion. All members of the MFF display yardangs, so they are clearly a formationwide characteristic. Two studies have focused on yardangs formed in MFF material.
[20] Ward [1979] observed that Martian yardangs had aspect ratios (length:width) up to 50:1 and suggested that they are much larger than those known on Earth, and they. He suggested this to be the result of a lack of secondary processes (e.g., fluvial erosion) to subdue their forms, thicker formations on Mars than on Earth, and that trough extension was much faster than streamlining. He suggested that the lithology of the MFF had to be something that weathered to a granular substance that could be efficiently deflated.
[21] Bradley et al. [2002] observed bidirectional yardangs in 23% of the 155 MOC Narrow Angle images available at the time of their survey of the MFF. They interpreted the consistent angle of intersection (Figure 3c ) to be a sign of columnar jointing, which is in agreement with other researchers Tanaka, 1982, 1986; Zimbelman et al., 1997b] . Bradley et al. [2002] posited that this apparent jointing was developed through cooling and compaction on the basis of terrestrial analog studies. They noted that joint patterns are not found throughout the entire MFF, and suggest that this is either due to wind direction being the dominant force on yardang orientation, or because jointing is not found throughout the formation.
Collapse Features
[22] In a study of the middle member of the MFF located between 180 and 192°E (168-180°W) longitude and 2°N-4°S latitude, McColley et al. [2005] noted several kilometerscale rectilinear troughs (see Figure 2c) . They interpreted these depressions to be created by subsurface collapse or movement on scales ranging from one to tens of kilometers, and to be the result of volatile release. On the basis of the literature these features appear to be local, but the image analysis described in the next section shows otherwise. Similar features have been observed elsewhere on Mars, but generally on a much larger scale (observable in THEMIS (Thermal Emission Imaging System) images) and with a more linear appearance. The frequency of these features in areas showing regional extension or local fissuring led to their interpretation to be the result of dilational faulting [Wyrick et al., 2004] .
Layering
[23] Many authors have observed signs of layering throughout the deposit Tanaka, 1982, 1986; Zimbelman et al., 1997a; Zimbelman and Patel, 1998; Forsythe and Zimbelman, 1988; Sakimoto et al., 1999; Malin and Edgett, 2000; Bradley and Sakimoto, 2001; Bradley et al., 2002; Hynek et al., 2003 ], although only a few provide specific details characterizing the layering. Three layers at the scale of hundreds of meters were observed in MFF material in the region of the Gordii Dorsum [Zimbelman et al., 1996; Zimbelman and Patel, 1998 ]. Hundreds of meter-scale layers were observed using MOLA data near Apollineras Patera and south of Elysium Mons [Bradley et al., 2002] . Layering at the scale of 10s of meters cannot be observed using MOLA data, but some evidence of such layering was seen in the 2002 survey of 155 MOC images [Bradley et al., 2002] . The area of the layering is uncertain from the literature. [Scott and Tanaka, 1986; Greeley and Guest, 1987] . Map range is À15 to +15°N latitude and 135-245°W longitude with 5°grid spacing. The MFF units are shown in dark green, light green, and teal. individual image was analyzed in conjunction with the Mars Spaceflight Facility at Arizona State University's online Geographical Information System (GIS): Java Mission Planning and Analysis for Remote Sensing (JMARS) http://jmars.asu.edu [Christensen et al., 2007] . The JMARS day and night global THEMIS layers were used to provide medium resolution (230 m/pixel) context for the MOC images. Additionally, the JMARS MOLA 16-bit elevation data, at 128 pixels/°, were used to create topographic profiles to evaluate large-scale layering, and heights and slopes of the larger MFF yardangs. Our observations focused on the three main features we have identified as characteristic of the MFF as a whole: yardangs, collapse features and layering. The footprints of each image in our database (available as a digital addendum to this paper) containing these features are shown in Figure 4 .
Image Analysis

Yardangs
[25] Yardangs occur as extensive fields, some with areas of up to 40,000 km 2 , and are clearly visible at THEMIS resolution. Of the 713 MOC images of MFF, 78% showed yardangs in some form.
[26] Two types of yardang shape were seen in the MOC images: curvilinear, characterized by curving lines or edges (55% of all images surveyed) and streamlined, having a smooth even shape (6% of all images surveyed). The MFF yardangs are predominantly curvilinear in form. The texture of these yardangs ranges from smooth surfaced (Figure 3a) to rough, with a platy or sharp-edged appearance (Figure 3b) . 54% of the curvilinear yardang images were smooth and the remainder rough. The locations of images showing these yardangs are mapped in Figure 5a , indicating that yardangs with similar textures tend to be grouped together. Smooth yardangs appear to be more common in the middle and upper members whereas rough yardangs are more common in the middle and lower members. Aspect ratios (length:width) of the curvilinear yardangs range from 5:1 to 20:1, but there is no clear trend between aspect ratio and texture or spatial distribution. Streamlined yardangs (Figure 3c ) appear to be relatively rare in the MFF (mapped in Figure 5b ). They also coincide with areas where curvilinear yardangs are common. The aspect ratios of the streamlined yardangs seen in 40 MOC images range from 3:1 to as high as 50:1.
[27] Bidirectional yardangs (Figure 3c ) appear to trend in two directions with an angle of intersection between 30 and 45° [Bradley et al., 2002] . These yardangs are only about 10-15 m wide and 30-40 m long and are seen in 44% of the MOC images surveyed (mapped in Figure 5c ). They are too small to be seen at THEMIS resolution, and MOC resolution is insufficient to discern clearly the shape or texture of these yardangs. Of the 713 images, 554 showed yardangs in some form: 204 curvilinear only, 125 bidirectional only, 186 curvilinear and bidirectional, 31 streamlined, 8 streamlined and bidirectional. Of the images showing both curvilinear and bidirectional yardangs, 157 (84%) have smooth curvilinear yardangs suggesting a strong relationship between the smooth curvilinear and bidirectional yardangs.
Collapse Features
[28] We have found features that resemble the pit chains and rectilinear troughs observed by McColley et al. [2005] and Wyrick et al. [2004] in 14% of the MOC images surveyed (mapped in Figure 5d ). They are not as prevalent in the MFF as the yardangs, but they are seen in all geographic areas and all three members of the formation. The majority of these features are seen at the edges of the deposit where relief is limited to less than 250 m.
[29] The pits that the chains and troughs form from (Figure 6a) are about 50-100 m in diameter and are circular or elongate in shape. Troughs range from 100 to 250 m wide and can extend several kilometers in length (Figure 6b ). The troughs form in many different directions and intersect at a variety of angles, creating varied geometric patterns in the MFF material (Figure 6c ).
Layering
[30] We have found very limited evidence for layering in the MFF at the scale of 100s of meters beyond the evidence cited by previous workers. Only five MOC images showed cliffs greater than 400 m high with benches resulting from probable layers in the cliffs (Figure 7a) . Moreover, the MOLA shot size on Mars is $160 m and the shot spacing is typically $330 m (endnote 12 of Smith et al. [1999] ), which limits the ability to discern layering at this scale.
[31] Features that appear to represent layering at a scale of 10s of meters can be noted in some MOC images with caprock layers over friable material and ''onion skin'' topography (Figures 7b and 7c) , which is a common aeolian erosional feature found in terrestrial material with layering at this scale. Figure 5e shows the locations of MOC images which evidence layering.
[32] The layering is present in each of the mapped members of the formation so it could be described as formation wide, but is not abundant enough to be described as extensive. At this stage we cannot determine whether the observed layering represents primary bedding, grading, a superimposed property such as differential welding or induration or some combination of these. Higher-resolution data (e.g., HiRISE) will play an important role in further defining the character of layering in the MFF.
Discussion
[33] In an attempt to resolve between the three most likely origins for the MFF, we have taken a synoptic view of the formation and tried to identify the deposit-wide characteristics as a means of addressing the origin of the formation as a whole.
[34] As recognized by previous workers, the MFF is a deposit of large aerial extent and volume that shows certain deposit-wide characteristics like its young (Amazonian) age, evidence for multiple episodes of deposition, a pervasively fine-grained nature, and erosion by aeolian processes. However, these general characteristics alone do not inform about a specific process of origin and our effort has been to try and identify features in the MFF that are a function of the deposit properties, as we believe these will vary as a function of depositional mechanism. For instance, by analogy with Earth, deposition by pyroclastic flows will result in induration and welding characteristics and cooling and compaction related to jointing and fracturing that are not typical of primary fall or aeolian deposits. Welding in ashfall deposits is local and limited to less than 10 km from the source [e.g., Cas and Wright, 1992] , and these are otherwise completely friable, as is loess directly after deposition. Any induration process for air fall deposits on the surface of Mars would be secondary and is therefore another degree removed from a primary mechanism. Given the large area of the MFF and our focus on deposit-wide characteristics, it is difficult to envision a consistent and pervasive deposit-wide induration process that could take place under Amazonian conditions that is not linked to its formation. The properties of deposits from these three mechanisms (pyroclastic flow, pyroclastic fall and loess) should therefore be quite distinct.
[35] Our analysis has identified three features that are characteristic of the MFF across its extent; yardangs, collapse features, and layering. Of these three, we find that collapse features and layering do not provide enough information at this time to allow us to differentiate between the viable hypotheses of origin of the MFF materials; layering could result from any of the three processes, and the resolution of the data is insufficient to differentiate between styles of layering. In turn, collapse features are enigmatic. Surface erosion alone cannot fully explain the collapse features, so some sort of subsurface activity must be involved in their formation. Whether this is due to volatile release [McColley et al., 2005] , faulting [Wyrick et al., 2004] or some other process is difficult to discern at this time.
[36] Ultimately, the yardangs appear to hold the most promise for inferences regarding formation. The form and texture of wind-eroded forms is strongly dependant on rock structure and lithology because these control the erosional effectiveness of the wind [Breed et al., 1989] and the character of the ridges and slopes of the forms [Selby et al., 1988] . On Earth, extensive yardang fields are found in a variety of deposits ranging from lake deposits (Iran), sandstones (Peru), and ignimbrites and lava flows (Andes), among others, as summarized in Table 3 . This compilation shows that although there is wide-ranging variability in yardang morphology, there is a strong relationship between aspect ratio, height, and slopes. These are largely a function of the degree of induration of the deposits, with poorly indurated material forming small, stubby yardangs, and indurated deposits supporting long, high, steep-sided yardangs. This discussion now focuses on the properties of yardangs and their implications for the origin of the MFF.
Yardangs in the MFF
[37] Ward [1979] observed that yardangs in the MFF on Mars were considerably larger and more elongate (aspect ratios up to 50:1) than mature terrestrial yardangs (aspect ratio 4:1 [Ward and Greeley, 1984] ). He suggested that the size, slopes, and forms of Martian yardangs implied an indurated lithology that weathers to a granular substrate. The other pervasive lithologic property attributed to the MFF lithology is jointing, which Bradley et al. [2002] attributed to cooling and compaction [see also Scott and Tanaka, 1982] .
[38] We have attempted to further these analyses by establishing more detailed morphometric parameters for the MFF yardangs. The height and slope of yardangs that are wider than one kilometer can be evaluated with the MOLA topographic profile tool in JMARS (Figure 8 ). Although these megayardangs only represent about 7% of the aerial coverage of the yardangs in the formation, this analysis gives some insight into these particular yardangs. The slopes of these megayardangs are on average 75-80°a nd they range in height from 5 to 700 m, with the majority being over 100 m tall (Figure 8 ). Their width ranges from one to five kilometers. Aspect ratios (length:width) vary widely but can be greater than 50:1, with yardangs that are several tens of kilometers long. Because slope, height and aspect ratio are largely a function of the degree of induration of the deposits, these measurements suggest heavily indurated material.
Inferred Material Properties of the MFF and a Likely Analog Lithology
[39] Our analysis of the MFF is consistent with a layered lithology that supports a range of yardang morphologies and develops jointing. At one extreme, the steep slopes and height of the megayardang ridges in the MFF point to a strong lithology, as the ability to support such forms is a characteristic of strong rocks [Selby et al., 1988] . However, the variable size, forms and textures of yardangs seen at high resolution suggest that some are made from weaker materials. The material must weather to a granular substance that is easily deflated by the wind [Ward, 1979] . By analogy with Earth, these properties suggest variably cemented or indurated deposits of clastic material, either sediments or pyroclastic rocks. The potential presence of jointing is important. Direct evidence for jointing is difficult to find, and we note that Bradley et al. [2002] largely inferred this to explain bidirectional yardangs. We note that some of the MFF yardang fields form perpendicular to a scarp or slope greater than 45°, leaving a serrated edge in the scarp or feathering of the slope (Figures 3d and 3e) . The images showing streamlined forms are among areas with abundant curvilinear yardangs, so it is likely that these were originally curvilinear in form and eroded into more streamlined features. Thus we interpret no difference between the lithology of the different yardang types.
[40] Of the potential analogs for the MFF on Earth, neither volcanic air fall deposits nor loess (suspended silt) deposits display characteristics consistent with the MFF. These deposits are rarely indurated or jointed on a regional scale. Ancient loess deposits on Earth (Paleozoic) may be indurated and behave as strong rocks after burial and metamorphism [e.g., Tramp et al., 2004] but young loess deposits are rarely consolidated and behave as weak to strong soils once subjected to surface pedogenesis [Günster et al., 2001] . These deposits collapse as granular flows as during the 1556 Shaanxi Earthquake [People's Republic of China, 1982, p.100] . No examples of regional extensive indurated pyroclastic fall deposits are known to the authors. We also do not know of extensive yardang fields that have developed in these deposits. Thus, if pyroclastic fall and/or loess deposits form the MFF, induration would have to be the result of secondary processes. It would likely be a low temperature hydrous/chemical process like that seen in loess deposits [Günster et al., 2001] but would have to work from the top down to give the strength profile required (top stronger than bottom inferred from the discontinuous but pervasive layering characteristics observed at high resolution). Such induration processes are rarely pervasive, typically produce only incipient induration and do not produce systematic jointing on a large scale.
[41] On the contrary, ignimbrites, the depositional product of pyroclastic flows, display the range of characteristics that have been attributed to the MFF. In fact of all the terrestrial yardang fields examined by us (Table 3) , the erosional pattern is most pervasive where ignimbrites are the host lithology. Ignimbrites, uniquely in our opinion, develop the range of properties found in the MFF because of their depositional environment, and we show below that this is probably the most likely lithology in the MFF.
Yardangs in Terrestrial Ignimbrites
[42] As part of an ongoing study of extensive ignimbrites of the Central Andes [de Silva, 1989; de Silva et al., 2006] , we have found that a wide range of yardang morphologies is produced by the variable material properties that characterize . At the scale of remotely sensed data, layering can be distinct in plateaus consisting of several stacked sheets, but can also be found within individual sheets, although this is rarely pervasive. Ignimbrites are fragmental (volcaniclastic) rocks, and large ignimbrites like these typically show two main facies: an upper massive, indurated and jointed facies, the result of postdepositional induration by escaping heat and hot gasses [Roever, 1966; de Silva, 1989 ] and a lower weak to poorly indurated, massive ash-and pumice-rich facies (Figure 9 (top) ). These facies have a welding profile superimposed on them, but this is not typical and is only local in occurrence. The two main facies may occur individually, and may be locally vertically associated, or regionally grade into each other laterally (the result of heat loss by the pyroclastic flow as it travels). The two facies have quite different mechanical properties; the upper facies behaves as strong rock, fails by block collapse and supports steep/vertical cliffs, whereas the lower facies has deeply weathered soils and forms gentle slopes [Selby et al., 1988; Crown et al., 1989] . These two facies produce yardangs of quite different character ( Figure 9 ). The presence of the indurated facies results in massive, extremely elongate, high aspect ratio (20:1 to 40:1) yardangs, that form tall (100 m), thin ridges with steep to vertical walls ( Figure 9 (top and middle) ). This type of yardang demonstrates the importance of differential induration and mechanical weathering in producing tall, steep-sided, megayardangs with broad shallow-sloped bases. Weakly indurated ignimbrites are carved into stubby and chaotic yardangs with aspect ratios of 5:1 to 10:1 and heights rarely exceeding 20 m (Figure 9 (bottom) ). The indurated (not necessarily welded) facies is commonly pervasively jointed [de Silva, 1989] , and the development of yardangs in these areas clearly demonstrates that a persistent, strong unidirectional wind is the dominant parameter controlling yardang orientation [Inbar and Risso, 2001; Bailey et al., 2007] . In many locations, we have found serrated margins quite like those in the MFF to be the result of oblique intersections of jointing and yardangs or scarps of ignimbrite sheets (Figure 10 ).
[43] We suggest that these terrestrial ignimbrites provide the strongest analog to much of the MFF and we concur with previous workers such as Tanaka [1982, 1986] that a large part of the MFF resulted from the deposition by pyroclastic flows. If so, it is interesting to speculate about possible source structures for these massive eruptions. Studies of Martian plume stability suggest that pyroclastic flows could extend for hundreds of kilometers from the source [Wilson and Head, 1994] , though Glaze and Baloga [2002] set limits on eruption conditions that would allow flows up to only 200 km from the source. Previous analyses of the energetics of explosive volcanic eruptions in conjunction with the Martian highland paterae suggested that their flanks lengths (e.g., over 400 km for Hadriaca Patera) were too great to result from air fall deposits (given required eruption column heights) and attributed the formation of Hadriaca and Tyrrhena Paterae to pyroclastic flow emplacement driven by either magmatic or hydromagmatic explosive eruptions [Greeley and Crown, 1990; Crown and Greeley, 1993] . Models of cooling during emplacement indicate that welding within pyroclastic flows could occur at large distances from a source vent on Mars and thus could explain layering within extensive volcanic deposits [Crown and Greeley, 1993] . Given the limits on the distribution of volcanic materials, multiple local sources within and buried by the deposit are necessary for either type of deposit. Scott and Tanaka [1982] identified three collapse features to be possible source vents, and Tanaka [2000] suggested that the Gordii and Eumenides Dorsa and an unnamed dorsum, all located in areas of 1 -3 km relief, were possible source fissures. Eruption of major ignimbrites from fissures, faults or volcano-tectonic features is increasingly being recognized on Earth [Aguirre- Diaz and Labarthe-Hernandez, 2003; de Silva et al., 2006] and may explain the lack of evidence for distinct ''caldera'' structures that could have sourced the MFF.
Conclusion
[44] Researchers are in agreement about some characteristics of the MFF such as its young (Amazonian) age, the evidence for multiple episodes of deposition, its pervasively fine-grained nature, and the evidence for heavy erosion by aeolian processes. However, none of these characteristics can discriminate between the three viable origins for the MFF; pyroclastic flow, pyroclastic fall and aeolian (loess). A survey of MOC Narrow Angle images identified three features that are seen deposit wide: yardangs, collapse features, and layering. The collapse features are in themselves enigmatic but suggest some postdepositional processes and need further investigation before they can inform about the origin or material properties of the deposit. The evidence for layering is not abundant, but occurs in all geographic areas of the MFF. Higher-resolution data can better characterize the layering to provide insight into origin. Yardangs provide the greatest insight into material properties of the MFF. With aspect ratios of up to 50:1 and nearly vertical cliffs, yardangs in the MFF suggest a lithology that displays a wide range of induration, in some areas strong enough to support steep cliffs. Jointing is inferred from the bidirectional yardangs and the serrated margins, but requires higher-resolution data to test directly.
[45] The similarity of the morphological features displayed by the MFF yardangs and those of the terrestrial ignimbrites is striking. The depositional processes and resulting lithologic characteristics of large ignimbrites in the Central Andes provide the most viable analog to the MFF lithology. We recognize that large terrestrial ignimbrites are typically felsic in composition, and that largescale silicic volcanism is not known on Mars [Francis and Wood, 1982] ; however, we note that basaltic ignimbrites on Earth, although considerably smaller in volume, do display similar facies variations [Freundt and Schmincke, 1995; Giordano et al., 2006] . We would anticipate that pyroclastic eruptions on Mars, even if they are mafic, would produce deposits with a similar range of facies and therefore display physical properties similar to the large terrestrial ignimbrites discussed here. An ignimbrite is the only hypothesis presented to date that explains all of the major observations with a single mechanism. . North is to the top. Prevailing wind direction is NW-SE (from top left to bottom right), but local channeling by topography produces a weak sinuosity to the yardang orientation. Several stages of yardang formation and surface erosion can be seen from incipient, mature through to stripped. Aspect ratios vary from 4:1 to about 10:1. Serrated edges are seen where fluvial erosion exposes jointing in ignimbrite.
